Abstract: Based on a comprehensive review of the different biomass energy technologies in China, a hybrid evaluation model founding on Analytic Hierarchy Process (AHP) is proposed to offer a comprehensive evaluation of a variety of biomass energy technologies in China. In this model, three evaluation criteria, including the applicability of technology, economic viability and environment-friendly, are defined and nine indicators, including resources supply, equipment and technology, energy efficiency, energy grade, production cost, economic benefit, ecological impact, environmental pollution and social benefit, are devised. Priorities are established in this study based on pairwise comparisons of the elements. In addition, the model has been validated by various utilization technologies reported in literatures. Results show that environmental pollution, social benefit, ecological impact and resources supply greatly impact on the application of biomass technologies, followed by economic benefit. Besides, it is demonstrated that integrated technologies of biomass energy, which is closely related with residential daily life and compatible with local ecological environment, possess evident superiority. Furthermore, the outcome can be supportive for guiding future development of biomass energy in China.
INTRODUCTION
Solar radiation can be transformed into chemical energy stored in organisms via photosynthesis of plants, which is the source of bio-energy. Through photosynthesis, plants on Earth can synthesize about 1400~1800Gt dried biomass every year, the energy contained in which is equal to 10 times of the world total power consumption each year [1] . Compared with conventional fossil fuels, biomass resources have some inherent advantages on characteristic for providing energy, as referring to a low sulfur content, small ash proportion, neutral CO 2 emission, and widely distribution [2, 3] . Therefore, the exploitation and utilization of biomass resources has aroused extensive attention all over the world [4] . Nevertheless, despite these advantages endowed with biomass resources, drawbacks are also quite clear, such as low energy density, high cost for transportation, and low ash fusion point.
At present, there exist a variety of biomass energy technologies, and can be classified as thermo conversion, chemical conversion and biochemical conversion technologies, with a large range of capacity [5] . Vast studies are undertaken to present an assessment for these technologies [6] [7] [8] [9] . Saft (2007) [10] investigated a full scale pyrolysis/gasification plant in Netherland and quantified its environmental performance by means of an impact assessment method. Koroneos et al. (2008) [11] , Luterbacher et al. (2009) [12] , and Puy et al. (2010) [13] conducted several assessments for biomass gasification technologies in a life cycle perspective, the results of which demonstrated that gasification was accompanied with environmental pollution, due to resources consumption and indirect emissions from upstream and downstream processes. Yang et al. (2009) [14] used the cumulative exergetic method based on the integrated process including agricultural crop production, corn transportation, industrial conversion and waste treatment as a whole to identify the renewability of total corn-ethanol production in the national level of China the results showed that 3.84 times more energy was consumed in corn-ethanol processes than was produced. Ou et al. (2009) [15] used the Tsinghua-CA3EM (China Automotive Energy, Environment and Economy Model) model, which was based on China's national conditions with the integration of the widely known transportation energy micro-level computing GREET model, and presented energy consumption of China's current six biofuel pathways. Maraver et al. (2009) [16] studied the economic feasibility and the corresponding environmental impacts for a trigeneration system using the exergy method, which showed that biomass trigeneration schemes in general had unique advantages for reducing environmental impacts in power generation. Sebastián et al. (2011) [17] carried out an study to determine the reduction of greenhouse gas emissions in China that could actually be attained when the co-firing of different biomass resources was compared to coal-fired electricity generation in the same power plant in a cradle-to-grave manner. While Basu et al. (2011) [18] performed an technicaleconomic analysis for several co-firing cases and confirmed the economic viability of biomass co-firing.
As shown from the above studies, different technologies tend to be with varied performances. In addition, the biomass distribution, energy efficiency, economy and environmental impact are quite different for varied biomass energy plants in different areas. As a result, it is of great concern of choosing the optimal utilization model fitting to the local development, which not only involves the state of the art of a certain technology, but also relates to the context of energy consumption in the whole region. Therefore, the comprehensive evaluation to various biomass utilization technologies is particularly urgent, especially in China, which feeds more people with fewer land. In this context, based on a review of different technologies of biomass energy, an evaluation model based on Analytic Hierarchy Process (AHP) method is proposed to assess different technologies of biomass energy in China, which is of significant importance to government planning on future development of biomass energy.
EVALUATION MODEL BASED ON ANALYTIC HIERARCHY PROCESS

Evaluation Method
The analytic hierarchy process (AHP) was first developed by Thomas L. Saaty in the 1970s [19] , and then has been extensively studied and refined. It is a structured technique for organizing and analyzing complex decisions, based on mathematics and psychology, and has particular application in group decision making [20] , in fields such as government, business, industry, healthcare, and education [2] .
The evaluation process based on AHP method consists of the following steps: First, a model of hierarchical structure should be established. According to the property of each impact factor of a problem, different factors should be divided into several hierarchies. The top hierarchy is the decision goal and always includes one factor, and then some criteria hierarchies or indicator hierarchies should be followed. More details of the evaluation indicators are discussed in the next section.
Second, priorities are established among the elements of the hierarchy by making a series of judgments based on pairwise comparisons of the elements. For example, according the priority of A and B, scores are given from 1 to 9. The higher the score is, the more important A is than B.
Third, these judgments are synthesized to yield a set of overall priorities for the hierarchy. And the consistency of judgments has been checked.
Finally, a final decision has been made based on the results of the processes above.
Evaluation Model
In this study, an evaluation model has been established based on AHP method to comprehensively assess different biomass energy technologies in China.
First, according to the property of biomass energy, resource, environment, economy, ecology and social development, an evaluation model based on AHP method is established (as shown in Figure 1 ). The decision goal is to select an ideal biomass conversion technology (IBCT) for an area. The criteria contain applicability of technology (AT), economic viability (EV) and environment-friendly (EF). Applicability of technology determines the enforceability of utilization technology routes and is the basis of project implementation; economic viability represents the sustainability of utilization technology projects and is the guarantee of project implementation; environmentfriendly standardizes the possibility of sustainable development in the utilizing technology processes and is the precondition of project implementation. Based on technology, economy and environment, evaluation is propitious to achieve the comprehensiveness and scientificness of comparison among utilization technology projects. Due to the unique features of biomass energy and the claim for establishing systematic evaluation criteria, nine indicators are devised for the evaluation model, including resources supply (RS); equipment and technology (ET); energy efficiency (EE); energy grade (EG); production cost (PC); economic benefit (EB); ecological impact (EI); environmental pollution (EP); social benefit (SB). These nine indicators are detailed clarified as follows:
(1) Resources supply (RS)
With a view to the widely distribution, seasonality and low energy density features endowed with biomass resources, this indicator is devised, which is generated by demand relations between theoretic radius ( R L ) and market radius ( R S ) rather than the absolute quantity of biomass resources consumption in varied biomass technologies. The equation is defined as: 
where T is the indicator for the equipment and technology. k represents the accommodation coefficient among the various parameters. The developmental level of equipment and technology is directly related to the expansion of relevant technology application, which is neglected by most scholars in previous studies.
(3) Energy efficiency (EE)
This indicator is very crucial to evaluate the energy conversion efficiency, which is defined as:
where represents the energy efficiency. M 0 indicates the total quantity of biomass resources, and M 1 is the quantity of biomass resources that are transformed into final products.
(4) Energy grade (EG)
Due to the diversity of resources grade and varied human demands for different kinds of energy, energy in various forms tends to be with varied performances. Classified by the final form from biomass conversion, the ultimate energy can be divided into liquid fuel ( L ), gas ( G ), heating ( W ), and electricity ( E ). According to the current status of energy demand in China, these four energy forms are sorted as follows:
Besides, in the course of analysis and quantification for energy grade, the transformation quality needs to be taken into account.
(5) Production cost (PC)
Production cost is an important parameter for the measurement of economic feasibility, the magnitude of which may greatly impact on the investor and investment scale. Production cost mainly consists of construction cost ( C 1 ), cost of raw materials ( C 2 ) and operation cost ( C 3 ), which is clarified as:
With regard to the various technologies of biomass energy, the construction cost is mainly determined by the utilization modes and the scale that differ greatly in varied technologies. Comparatively speaking, cost of raw materials depends largely on resources supply while operation cost remains steady.
(6) Economic benefit (EB)
The project profitability can be directly characterized here. Corresponding calculation methods mainly comprise the dynamic investment payback method, the net present value method, internal rate of return method, etc. In this study, net present value (NPV) is adopted as the tool for measurement due to its distinct intuitive feature for measurement, as is shown below [21] :
where n is the fixed number of years taken into account. i o represents benchmark yield ratio; CI t is the annual profit and CO t stands for annual budget. In a life cycle perspective, the project is profitable in the condition when the net present value NPV (i 0 ) 0 . In addition, preferential policies and related subsidies also make up an indispensable part of the project profitability.
(7) Ecological impact (EI)
The main purpose of setting up the ecological impact indicator is for a better understanding of the regional ecological characteristics and function, as well as identifying the ecological impact of the projects and sensitivity of the ecosystem. Therefore corresponding measures could be taken to mitigate the ecological damage, thus attaining sustainable utilization of natural resources [22] . Previously few scholars employ this evaluation indicator, the reason of which may be attributed to the hysteretic concept and the inconvenience of quantification for ecological impact. For the closely related relationship between biomass energy and regional ecology, it is necessary and of great significance to evaluate the ecological impact of biomass energy technologies. The objective is to reach a balance between the maximization of biomass energy application benefits and minimization of ecological damage. It is a complex and brand new task for the quantification of ecological impact. In this paper we try to achieve this target with compensation for the ecological impact, as shown below:
where Z stands for the loss of economic profit due to compensation for ecological impact. CZ t represents annual budget on ecological recovery. When CZ t > 0 , it implies the application of technologies is beneficial for the ecology and may hence gain relevant profits. On the contrary, when CZ t < 0 , this means extra money needs to be paid to make up for the ecological damage.
(8) Environmental pollution (EP)
Renewability and environmental friendly, lead to increasing concern on technologies of biomass energy. However, it is impossible to achieve non-pollution and zero-CO 2 emission in the whole process. Quantification of environmental pollution could comprehensively assess the technology availability, and at the same time it suggests a path for solution to environmental pollution. In this study the method of damage estimation is employed to determine the environmental pollution by using the following formula:
where P stands for environmental pollution. CP t is the annual budget on bio-safety disposal of pollutants. CS t represents the annual payment on environmental pollution.
(9) Social benefit (SB)
Unlike traditional fossil energy, exploitation and utilization of biomass energy largely impact on the regional production mode and lifestyle. Hence the social benefit will have a great influence on the project vitality. Social benefit, an open and flexible indicator, is manifested in the improvement of living environment, enhancement of living quality, etc. In this study the social net present value (SNPV) is employed as the indicator for social benefit, which is determined by [23] :
where ARI stands for social benchmark yield ratio. SCI t is the annual social income. SCO t represents annual social expenditure.
Based on the above analysis, with full consideration of the characteristics rooted in biomass energy technologies, pairwise comparisons of the elements are conducted to investigate the correlations among various indicators (as shown in Tables 1-4) . With the consistency of judgment being checked, the proportion of each evaluation indicator could be obtained [19] , as illustrated in Figure 2 . It can be seen from the result that environmental pollution, social income, ecological impact, and resources supply occupy high proportions among the evaluation indicators, followed by economic benefit. The proportional distribution is consistent with the initial intention of biomass energy utilization and is therefore proven to be reasonable. The identification of the proportional distribution may lay a solid foundation for the subsequent comparisons on technologies of biomass energy.
RESULTS AND DISCUSSION
On the basis of the analysis for state of the art of existing biomass technologies [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , the indicators are calculated for various biomass energy technologies, as shown in Table 1 . Afterwards, synthesis scores could be obtained for various energy systems via a weighted calculation as the following formula:
Where X j denotes the biomass conversion technology, such as BDC, WSI and so on, S X j is the final score of technology X j , C i is the evaluation indicators and X ji is the score of X j .
The results are shown in Figure 3 . It is illustrated in the figure that household methane system, large-scale livestock methane system and organic wastewater methane system are accompanied with relative higher scores, the reason of which may be ascribed to the abundant resources supply, mature equipment and technology, as well as an favorable integration with pollution disposal and ecological construction, thus realizing the coordinated development of resources, environment, ecology and technology [31, 34] . Besides, the briquettes fuel and fuel ethanol turn out with a good appraisal as well. Briquettes fuel is consistent with the energy consumption habits in rural areas and is therefore easy to be accepted. The convenience for acceptance, along with the low investment, abundant resources supply, and preliminary commercialization of equipment and technology, foresees a bright future for briquettes fuel [30, 31] . As for fuel ethanol, it mainly benefits from the relatively higher energy grade of liquid fuel. Moreover, raw materials for fuel methanol system have been extended from specific crop stalks to general cellulose stalks and its technical application is rapidly expanded by leading enterprises, basically possessing the preconditions for industrialization. However, bio-diesel and bio-oil technologies, with similar initial goal of producing liquid fuel, fall behind. This is because that bio-diesel is now undergoing the small-scale demonstration period, technological applications of which are not mature enough. The immaturity, combined with the special requirements for energy supply and underlying ecological damage, lead to a lower score for bio-diesel [32, 33] . With regard to bio-oil, though owning superiority in resources supply, the immature technology, especially in the bio-oil quality, manifests that the energy system is still far from commercial application. On the average, biomass liquefaction technologies own slight superiority over biomass combustion power generation technologies. On the one hand, this is due to the higher energy grade of liquid fuel and the "recycling" potential. On the other hand, intensive sensitivity to resource prices, higher investment and operation costs stand in the way for expansion of biomass combustion power generation technologies. However, compared to biomass direct combustion power generation, coal-biomass power generation is more preferable, which primarily benefits from the flexible resources supply, lower risk of price soar in resources and a relatively lower investment cost. For waste and sludge incineration generation, the superiority is not evident, which is mainly restricted by the pressure from environment pollution. Though it is propelled by huge demands, new pollutants emitted in incineration result in an awkward situation. Research for a comprehensive disposal program is therefore of particular urgency.
As illustrated in Figure 3 , score for gasification technology is relatively lower, deriving from the constraints of the technology itself, which is immature and accompanied with high operation costs. Although the straw gasification technology is advantageous in supplying resources and enhancing energy quality in rural areas, its drawbacks embodied in large investment, low profit, unscientific operation and management modes, lead to a dilemma in the promotion of its application [29] . For the gasification power generation technology, though equipped with relatively high systematic efficiency and great potential for "recycling", negative factors including high investment and secondary pollution directly result in a gloomy prospect. Similarly, B-IGCC, serving as the future demonstration project, is still far from commercial application with more demanding requirements for technology and equipment.
CONCLUSIONS
This paper has presented a hybrid evaluation model to comprehensively assess various biomass energy technologies in China based on Analytic Hierarchy Process (AHP). The outcome could serve as guidelines for future development of biomass technologies.
Biomass energy differs from the traditional fossil energy in the distinct characteristics embodied in resources supply, raw materials features, correlations with environment, ecology and society, etc. As a result, the perspective on biomass energy exploitation shall not be rested solely on the level of technology application, but on a global context including resources supply, environment, ecology, economy and social impacts. In this way, the goal could be ultimately achieved for rational utilization of biomass resources for sustainable development.
Based on the hybrid evaluation model, three criteria and nine indicators are devised. The result shows that environmental pollution, social benefit, ecological impact and resources supply have a large impact on the application of biomass technologies, followed by economic benefit.
Comprehensive evaluation results demonstrate that integrated technologies of biomass energy, which is closely related with residential daily life and compatible with local ecological environment, obtain an obvious advantage. Therefore technologies on the basis of "moderate size", "comprehensive development", "recycling" and "step-by step realization" depict a bright picture for future biomass resources utilization in China.
